Sawtooth behavior has been investigated in plasmas heated with off-axis neutral beam injection in ASDEX Upgrade ͓A. Herrmann and O. Gruber, Fusion Sci. Technol. 44, 569 ͑2003͔͒ and the Mega-Ampere Spherical Tokamak ͑MAST͒ ͓A. Sykes et al., Nucl. Fusion 41, 1423 ͑2001͔͒. Provided that the fast ions are well confined, the sawtooth period is found to decrease as the neutral beam is injected further off-axis. Drift kinetic modeling of such discharges qualitatively shows that the passing fast ions born outside the q = 1 rational surface can destabilize the n = 1 internal kink mode, thought to be related to the sawtooth instability. This effect can be enhanced by optimizing the deposition of the off-axis beam energetic particle population with respect to the mode location.
I. INTRODUCTION
Control of sawtooth oscillations in tokamak plasmas remains a crucial issue for present and future devices. The sawtooth instability in tokamak plasmas results in a regular periodic reorganization of the plasma surrounding the magnetic axis. The sawtooth cycle consists of a quiescent period, during which the core plasma density and temperature increase, followed by the growth of a helical magnetic perturbation, which in turn is followed by a rapid collapse of the central density and temperature.
1 Energetic ions trapped outside the region of strongest magnetic field have been shown to stabilize the sawteeth, resulting in a longer period between relaxations.
2,3 This is important for ITER, where the fusionborn 3.5 MeV alpha particles can be expected to lead to long sawtooth periods. 4, 5 In the absence of an effective actuator to shorten the sawtooth period, coupling can occur with instabilities located at rational surfaces outside the q = 1 surfacethe location of the sawtooth instability. Furthermore, it has been shown in the Joint European Torus ͑JET͒ that long sawteeth are more likely to trigger performance-degrading neoclassical tearing modes ͑NTMs͒ at lower plasma pressures. 6, 7 Conversely, improved confinement is often coincident with smaller, regular sawteeth, which have the ancillary benefit of preventing accumulation of impurities in the plasma core. 8 Consequently, many techniques have been developed to deliberately destabilize sawtooth oscillations. Electron cyclotron resonance heating has been used to control sawtooth periods, for instance in the Tokamak à Configuration Variable, 9 ASDEX Upgrade, 10 JT-60U, 11 and the Tokamak Experiment for Technology Oriented Research. 12 Recent results from TORE-SUPRA ͑Ref. 13͒ also suggest that electron cyclotron current drive can be used to destabilize long-period sawteeth stabilized by a population of fast ions resulting from simultaneous ion cyclotron resonance heating ͑ICRH͒. It has also been shown that off-axis ICRH can be used to destabilize fast-ion induced long sawteeth. 6, [14] [15] [16] While the stabilizing effects of energetic trapped particles have been appreciated for some time, 2,3 it has been
found that under certain conditions, untrapped-or passingfast ions can also strongly influence sawtooth behavior. Following results from JT-60U showing that the very large passing fraction from negative-ion neutral beam injection altered the sawtooth period significantly, 17 it was suggested that sawtooth destabilization could be achieved using neutral beam injection ͑NBI͒ deeply passing ions. 18, 19 The mechanism responsible for such sawtooth control is due to the contribution to the change in the energy of the n / m =1/ 1 internal kink mode resulting from passing particles that intersect the q = 1 rational surface. This fast ion effect is enhanced when the distribution function of passing ions is distributed asymmetrically with respect to their velocity parallel to the magnetic field. The analytical theory has recently been extended to consider all of velocity space including barely passing energetic particles. 16 Sawtooth control due to offaxis passing ions has been demonstrated both numerically and experimentally in JET. 20, 21 In Ref. 21 long sawtooth periods caused by on-axis heating were deliberately shortened by the additional application of off-axis NBI, despite an overall increase in the plasma pressure. In this paper we concentrate on the effects of moving the deposition location of the off-axis passing fast ions with respect to the q =1 surface. The neutral beams planned for ITER will be able to tilt such that the beam deposition is moved further off-axis. In order to penetrate the hot, dense plasmas in ITER, neutral deuterium beam energies of the order of 0.5-1.0 MeV are necessary. The beam can be aimed at two extreme ͑on-axis and off-axis͒ positions by tilting the beam source around a horizontal axis on its support flange. 22 Thus, it is of interest to consider whether tilting the beams to aim further off-axis can destabilize sawtooth oscillations by the introduction of a population of energetic ions outside the q = 1 surface. In Sec.
II we describe experiments from both ASDEX Upgrade and Mega-Ampere Spherical Tokamak ͑MAST͒ where the NBI path has been moved further off-axis by tilting the beams and by vertically displacing the plasma, respectively. The equilibria and fast ion distribution functions from both experiments are discussed in Sec. III, before the linear stability of the n = 1 kink mode is assessed in Sec. IV. Finally, the implications of these results are discussed in Sec. V.
II. EXPERIMENTAL RESULTS

A. ASDEX Upgrade
ASDEX Upgrade is ideally suited to investigate the potential role of off-axis NBI for sawtooth control because it has two tangential NBI sources, which inject fast ions toward the midradius of the plasma. Furthermore, it is also equipped with an ICRH system, which can be used to generate an energetic particle population in the core, like that expected in a burning plasma. Previous experiments in ASDEX Upgrade have considered the effect of off-axis NBI on sawtooth behavior by moving the position of the q = 1 surface with respect to the beam deposition location. 21 While the sawtooth behavior is clearly modified, many other plasma parameters change, most notably the toroidal field, the resonance location of the ICRH, and the toroidal rotation, meaning that it is impossible to make firm inferences about the role of off-axis NBI.
In the ASDEX Upgrade experiments reported here, the trajectory of the most off-axis positive ion neutral injector ͑PINI͒ has been changed in order to move the deposition location of the energetic ions while keeping the plasma conditions relatively unchanged. The sawtooth behavior has been compared in ASDEX Upgrade plasmas with plasma current, I p = 1 MA, toroidal field, B T = 2.5 T, and density n e Ϸ 9 ϫ 10 19 m −3 . In each case, a mixture of on-axis neutral beam heating and ion cyclotron resonance heating is used to establish long-period sawteeth due to the population of energetic particles in the core. Later in the discharge, the most off-axis PINI is applied, and its trajectory is varied between shots. The angle of injection is varied by setting the angle of inclination at the beam source as ␤ = 6.60°, 6.65°, 6.68°as defined in Ref. 23 . This corresponds to the approximate beam trajectories shown in Fig. 1 . Also shown for comparison is the approximate position of the q = 1 surface as determined from the inversion radius observed in the soft x-ray emission.
In the phase when there is only on-axis heating, the sawtooth period is approximately s ϳ 65 ms, although the sawteeth are interrupted by the presence of concurrent NTMs. Upon application of the off-axis NBI with the deposition oriented nearest to the magnetic axis-in discharge 24 006-the sawtooth period increases to s ϳ 94 ms. As the beam is moved further off-axis the sawtooth period decreases. In shot 24 005, when the beam trajectory is indicated by the solid line in Fig. 1 , the sawtooth period has fallen to s ϳ 72 ms. Furthermore, when the beam is shifted even further off-axis and its trajectory is now indicated by the dot-dashed line in Fig. 1 , the period drops to s ϳ 64 ms, approximately the same as in the on-axis only heating phase. The sawtooth behavior in these three shots is illustrated in Fig. 2 .
In each case, the application of the tangential PINI results in an increase in the toroidal rotation of the plasma. However, there is no significant change in the amplitude of the rotation or the flow shear at q = 1 as the beam trajectory is shifted. Thus, the sawtooth period is not strongly influenced by the rotation as the beam trajectory is moved. While the change in rotation for different trajectories does not seem to be important, the increase in rotation that application of the tangential PINI causes does play a significant role in causing the increase in sawtooth period from the on-axis heating phase. Even with the most off-axis fast ion deposition, the enhanced destabilization from the energetic particles is balanced by the increased toroidal flow, resulting in no change to the sawtooth period upon application of the off-axis beam. As discussed in Ref. 21 , this complex competition between the destabilization of the passing ion effects and stabilization from increased torque means that off-axis NBI is not a practical sawtooth control actuator in ASDEX Upgrade. It should be noted that the small rotation predicted for ITER 24, 25 means that such a competition between kinetic and gyroscopic effects is unlikely to preclude off-axis NBI as a control actuator in that case.
B. MAST
The effect of off-axis NBI has also been assessed in the Mega-Ampere Spherical Tokamak ͑MAST͒. Its large vacuum vessel means that MAST is able to vary the deposition position of the NBI by moving the plasma up and down significantly. In order to move the NBI deposition location further off-axis in MAST, we have displaced the plasma vertically, such that beam deposition begins inside q = 1 but moves to well outside the q = 1 surface. In all the MAST plasmas reported here, the toroidal field is B 0 = 0.4 T and the line-averaged density is held constant, n e Ϸ 2.35ϫ 10 19 m −3 . Figure 3 shows the poloidal cross section of the MAST device, with an approximate neutral beam shadow illustrated. Also shown are the last-closed flux surface and q = 1 surface for discharges 20 092 ͑solid line͒ and 20 096 ͑dashed line͒. When the plasma is close to double-null configuration, the fast ions born due to neutral beam injection are clearly inside the q = 1 surface. Conversely, in shot 20 096, when the plasma magnetic axis is at Z = −18.1 cm, the beam ion distribution function is peaked just outside the q = 1 surface. Figure 4 shows the sawtooth period in these MAST discharges with respect to the vertical position of the magnetic axis when the plasma current is I p = 600 kA. The sawtooth period is minimized when the beam deposition is just outside the q = 1 surface. As the beam fast ions are born further outside q = 1, the sawtooth period begins to increase once more. Throughout the Z-scan the toroidal plasma rotation, and significantly the rotation at the q = 1 surface, only alters slightly, and does not cause a substantial change in the linear kink mode stability. Further, measurements from the motional stark effect ͑MSE͒ diagnostic suggest that the neutral beam 
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The effect of off-axis neutral beam injection… Phys. Plasmas 16, 072506 ͑2009͒ current drive ͑NBCD͒ is similar in all down-shifted plasmas, and that in any case, the change to the magnetic shear is only small due to the rather broad NBCD. It could be speculated that the minimum in sawtooth period arises because the passing fast ion destabilization is strongest when the gradient in the fast ion pressure is largest and that as the beams move further off-axis, ٌ͗P h ͉͘ r 1 decreases, thus reducing the destabilizing effect. However, as the plasma is shifted downwards the fast ion confinement is degraded, which could also result in the reduction in destabilization from the passing fast ions. In order to distinguish between these effects, the vertical position scan was repeated at higher plasma current. Figure 5 shows the sawtooth period in MAST with respect to the vertical position of the magnetic axis when I p = 800 kA. The improved confinement of the energetic particles means that the destabilizing influence of the off-axis passing ions is accentuated, manifest as a continual decrease in the sawtooth period as the beam shadow is moved further off-axis.
The sawtooth period in NBI heated plasmas is always significantly longer than Ohmic plasmas in MAST because ͑i͒ the momentum input from beam injection spins up the plasma and results in a gyroscopic stabilization on the n =1 internal kink mode [26] [27] [28] and ͑ii͒ the trapped fraction is large in a spherical tokamak, and these energetic trapped particles are typically stabilizing. 29 While the trapped ions and rotation introduced by the NBI do influence sawtooth stability, these effects are always stabilizing during the Z-scan, and could not explain the variation in sawtooth behavior exhibited experimentally. The rotation profiles in discharges 20 604 ͑Z = −13.5 cm͒, 20 603 ͑Z = −15.8 cm͒, 20 601 ͑Z = −20.1 cm͒, and 20 610 ͑Z = −24.5 cm͒ are illustrated in Fig. 6 . It is evident that neither the magnitude of the toroidal velocity, nor the flow shear at q = 1 varies significantly during this scan, and so rotation effects cannot explain the observed sawtooth behavior. Modeling to assess the stability of the n = 1 kink mode in these MAST experiments is presented in Sec. IV.
III. EQUILIBRIA AND FAST ION DISTRIBUTION FUNCTIONS
A. ASDEX Upgrade
Equilibria have been reconstructed for discharges 24 005, 24 006, and 24 007 at t = 3.24, 3.28, 3.21 s, respectively, during the off-axis NBI heating phase and directly before a sawtooth crash in each case. The equilibria are reconstructed by supplying the pressure and current profiles together with the plasma shape to the HELENA code. 30 The current profile is found from the TRANSP code. 31 The pressure profile is derived from diagnostic measurements; the electron temperature is found from the Thomson scattering diagnostic and the electron density is found by fitting a modified hyperbolic tangent to the core Thomson scattering data and the lithium beam data at the pedestal. The HELENA equilibrium is further constrained so that the q = 1 surface is matched to the inversion radius found from the soft x-ray diagnostic and the plasma pressure is scaled so that ␤ p = p / ͑B a 2 / 2 0 ͒ is as calculated by TRANSP, where B a = 0 I / l and l is the poloidal perimeter of the plasma. It is necessary to constrain the q-profile appropriately since the effect of the energetic passing ions is determined by the ions with orbits that cut the q = 1 surface. 18 Although the neutral beam current drive does result in a small perturbation to the current density profile, as illustrated in Fig. 7 , the q-profile does not change significantly. Indeed, experimentally the inversion radius found from the soft x-ray emission does not change when the off-axis NBI is applied, indicating that the q-profile has not altered significantly.
In order to retain the complex dependence of the fast ion population upon pitch angle, energy and radius, the full Monte Carlo distribution function is employed in the HAGIS drift kinetic modeling. Figure 8 shows the fast ion density calculated by TRANSP averaged over all energies and pitch angles in the poloidal plane. The fast ions are peaked near the core due to the on-axis PINI. While the on-axis ions dominate in this plot, it is the presence of the off-axis passing ions, which strongly influences the stability of the n = 1 internal kink mode. Although the density of these off-axis ions is not as large as the on-axis particles, the fact that their orbits intersect the q = 1 surface and the distribution function is asymmetrically distributed with respect to the velocity parallel to the magnetic field means that they will affect the sawteeth. 16 In all the shots considered here, the energetic particle distributions are peaked around = v ʈ / v ϳ 0.5 and are approximately Gaussian with respect to their pitch angle at high energies. At lower energy, the beam ion population tends to isotropy. Figure 9 shows the radial dependence of the fast ion distribution. It is evident that in all cases the peak of the fast ion distribution is at a radius well outside the q = 1 surface, such that the fast ion pressure gradient at q =1 is positive in all cases. Thus, analytic theory 18 predicts that the passing ions should give a destabilizing contribution. This is assessed in Sec. IV.
B. MAST
Equilibria have been constructed for MAST shots 21 040 ͑Z = −13.5 cm͒, 20 602 ͑Z = −18.2 cm͒, and 21 041 ͑Z = −24.5 cm͒ just before the time of a sawtooth crash. The equilibria are constrained by the position of the q = 1 surface inferred from the inversion radius found from the soft x-ray emission. The electron temperature and density profiles supplied to the HELENA equilibrium code 30 are measured by using the Thomson scattering diagnostic. The current density profile is found using the EFIT code. 32 While the neutral beam driven current is much larger in MAST than that predicted by TRANSP in ASDEX Upgrade, the change to the current profile is broad. The current density profile calculated by TRANSP is illustrated in Fig. 10 for MAST shot 21 041, together with the neutral beam driven current. Since the beam driven current is not strongly radially localized around the q = 1 surface, the change in the magnetic shear at q =1 does not vary significantly as the plasma is displaced vertically, so this cannot provide an explanation for the dramatic changes in sawtooth behavior exhibited experimentally. The q-profiles obtained using the MSE diagnostic for two of these discharges are illustrated in Fig. 11 . It should be noted that the inversion radius found from the soft x-ray emission is more core localized that the q = 1 surface predicted by EFIT when constrained by the MSE measurement of the pitch of the magnetic field lines ͑the soft x-ray emission shows an inversion radius at N = 0.36, as illustrated by the tick mark in Fig. 11͒ . The MSE measures the pitch of the field lines along the path of the neutral beam, which is well away from 
072506-5
The
the magnetic axis in these vertically shifted MAST plasmas. The vertical displacement results in a greater uncertainty in the q-profile predicted by EFIT constrained by the MSE measurements. However, the MSE measurements can be used qualitatively to infer the changes in the magnetic shear at q = 1. Indeed, Fig. 11 illustrates that s 1 only changes fractionally as the plasma is displaced from Z = −13.5 cm ͑21 040͒ to Z = −24.5 cm ͑21 041͒. The modeling presented in Sec. IV employs equilibria derived from EFIT reconstruction constrained by the temperature and density measured by the Thomson scattering system together with the soft x-ray measurement of the inversion radius as an estimate for the position of the q = 1 surface. The fast ion distribution functions for these three MAST discharges have been calculated using the TRANSP code. The beam ion distribution function integrated over all particle energies and pitch angles is shown in the poloidal cross section for MAST discharges 21 040 and 21 041 in Fig. 12 . It is clear that in the more vertically displaced plasmas the fast ion population is further outside the plasma core. As was the case for ASDEX Upgrade, the distribution function is approximately Gaussian with respect to pitch angle, centered at = 0.5, for high particle energies, whereas at low energy, the distribution function is more isotropic. In order to retain the complex relationship between energy, pitch angle and radius, the full Monte Carlo distribution function from TRANSP is once again employed in the HAGIS modeling. The dependence of the fast ion population upon radial location is illustrated in Fig. 13 . It can be seen that for discharge 21 040, the gradient in the fast ion pressure at q = 1 is very small, whereas, for discharge 21 041-when the deposition is well outside the q = 1 surface-the fast ion pressure gradient at q = 1 is large and positive.
IV. MODELING INTERNAL KINK MODE STABILITY
A. ASDEX Upgrade
In order to understand the sawtooth behavior in these ASDEX Upgrade discharges, the interaction of the magnetohydrodynamic ͑MHD͒ and fast particle effects must be considered, together with the changes in the magnetic shear. We present an explanation of these results by studying MHD stability in the presence of toroidal flows, and combining this with the effects of anisotropic hot ion distributions. Appropriate tools for studying these effects are the MISHKA-F linear MHD stability code 33 and the HAGIS drift kinetic code. 34 MISHKA-F employs the equilibrium generated by the HELENA code, 30 as discussed in Sec. III, in order to find the growth rate of the n = 1 internal kink mode. The static eigenfunction and the equilibrium are then supplied to HAGIS together with the fast ion distribution function from TRANSP ͑also detailed in Sec. III͒ in order to calculate the change in the potential energy of the kink mode in the presence of the fast ions. The change in the energy of the mode, ␦W, is then considered in relation to the sawtooth crash trigger criteria developed in Ref. 4 .
Porcelli et al. 4 developed a model of linear stability thresholds to determine when a sawtooth crash can occur. The fundamental trigger of the sawtooth crash is the onset of an m = n = 1 mode. The dynamics of this instability are constrained by many factors including not only the macroscopic drive from ideal MHD, but collisionless kinetic effects related to high energy particles 18, 29, 35 and thermal particles, 36 as well as nonideal effects localized in the narrow layer around q = 1. In heated plasmas, there are essentially two relevant sawtooth triggering criteria:
where
= c / 1 1/2 r 1 , is the ion Larmor radius, ‫ء‬i is the ion diamagnetic frequency, 1 is the elongation of the q = 1 surface, r 1 is the radius of the q = 1 surface, ␦Ŵ = c ‫ء‬ ␦W / 0 2 ⑀ 1 2 R 0 B 2 , ⑀ 1 = r 1 / R 0 is the aspect ratio at the q = 1 surface, 0 is the displacement at the magnetic axis, c ‫ء,‬ are constants of order unity, and s 1 = r / q͑dq / dr͉͒ q=1 is the magnetic shear at the q = 1 surface. Consequently, long sawteeth can be destabilized ͑i.e., a crash can be triggered͒ by enhancing s 1 ͑through localized current drive͒, or through ␦W reduction or reversal.
In order to model the effects of the anisotropic fast ions born due to NBI, the change in the potential energy of the n = 1 internal kink mode caused by the fast particles is calculated 29 as
͑3͒
where is the poloidal angle, ជ = b ជ ϫ ٌb ជ is the magnetic curvature vector, b ជ = B ជ / B and d⌫ is an infinitessimal volume element of phase-space. Analytic theory 18 predicts that the effect of the passing fast ions is determined by the finite orbit width term contained within
where P h is the hot particle pressure. As illustrated in Fig. 9 of Ref. 20 this means that on-axis co-passing and off-axis counter-passing ions will be stabilizing whereas off-axis copassing and on-axis counter-passing ions will be destabilizing. These predictions have been experimentally verified on JET 20,37 and JT-60U ͑Ref. 17͒ where the toroidal flow is slow enough that the kinetic effects dominate the sawtooth behavior.
The reconstructed equilibria for discharges 24 005, 24 006, and 24 007 are all found to be unstable to the n / m =1/ 1 internal kink mode in the presence of toroidal rotation. Measurements from the charge exchange diagnostic suggest that the rotation does not change significantly as the angle of injection of the PINI is altered. MISHKA-F has been used to assess the stability of the mode using the experimental flow profiles, concluding that the change in the growth rate is insignificant as the beam is shifted further off-axis. Similarly the change in the instability drive due to the change in the 
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The effect of off-axis neutral beam injection… Phys. Plasmas 16, 072506 ͑2009͒ magnetic shear is also assessed by MISHKA-F since the neutral beam driven current is included in the reconstructed equilibrium. The NBCD has been shown to be significant in ASDEX Upgrade plasmas under certain plasma conditions. 38, 39 However, in the plasmas reported in this work, the neutral beam driven current predicted by TRANSP leads to an insignificant perturbation to the current profile, as illustrated in Fig. 7 . Consequently, the change in the mode growth rate due to changes in the q-profile is negligible. Thus it is important to quantify the effect of the energetic particles introduced by neutral beam injection.
The NBI fast ions are represented by the distribution function of markers taken from the Monte Carlo TRANSP code, as outlined in Sec. III. Drift kinetic modeling using HAGIS can then be used to assess the role that both passing and trapped fast ions play in determining the mode stability. Figure 14 shows the change in the potential energy of the 1/1 kink mode due to the presence of the passing beam ions. As the peak of the deposition of the fast ion population is shifted further off-axis, and hence further from the q = 1 surface, the destabilization from the passing ions is enhanced. While injecting the beams further off-axis results in a slightly larger trapped fraction ͑the trapped-passing boundary is at v ʈ / v = ͱ 2r / ͓R 0 + r͔͒, the small increase in stabilization arising from the trapped ions is dominated by the enhanced destabilization from the passing ions. As the passing ions are moved further off-axis the gradient of the fast ion pressure at q =1 increases as illustrated in Fig. 9 , so ␦W h p decreases in accordance with Eq. ͑4͒. This explains why moving the deposition location further off-axis results in a reduction in the sawtooth period, since ␦Ŵ in Eq. ͑1͒ is reduced. Figure 14 shows the real part of the mode's perturbed potential energy for different values of the peak of the deposition of the fast ions with respect to the position of the q = 1 surface. This is done in two ways: first, by simulating the three ASDEX Upgrade discharges, which had different deposition locations, and using full TRANSP distribution functions; second by using a simplified representation of the fast ion population as a Gaussian with respect to pitch angle and slowing down with respect to energy, and then moving the peak of the distribution function radially. The model fast ion distribution function is given by
with ⌬ = 0.1, 0 = 0.5, ⌬ = 0.5, E 0 = 80 keV, E c = 3 keV, and ⌬E = 3.5 keV. The good agreement between the full distribution function results ͑squares͒ and the simplified model ͑line͒ shows that this is an acceptable approximation, which gives important information about how the mode energy changes with respect to r dep − r 1 . It is evident that as the fast ion population is deposited further outside the q = 1 surface, the passing fast ions become more destabilizing in these AS-DEX Upgrade plasmas. The sawtooth period is also shown for comparison, and one can infer that the shorter sawtooth period results from an enhanced destabilization from the passing fast ions. No direct comparison can be drawn between the modeling and the experimental results since the sawtooth behavior is inherently nonlinear, whereas here we consider the linear stability of the n = 1 kink mode. In order to fully explain the sawtooth behavior exhibited experimentally, a transport code would need to be coupled to the accurate evaluation of the ␦W h terms presented here and all terms evolved in time. It is, however, very plausible that the lower ␦W h in off-axis NBI heated plasmas does directly produce shorter sawteeth, although the modeling presented here is only qualitative with respect to comparison with experiment. It should be noted that the destabilization arising from the passing ions will be sensitive to the exact location of the deposition with respect to the q = 1 rational surface. In these ASDEX Upgrade shots the destabilization increases as the beam is tilted off-axis since the fast ion pressure gradient at r 1 increases significantly. However, the destabilization arising from the passing ions is not necessarily maximized at the radial location at which the positive fast ion pressure gradient is maximum. 21 Since ␦W h is normalized by ⑀ 1 2 = r 1 2 / R 0 2 , a narrower q = 1 radius may accentuate the normalized change in the potential energy. 18 Furthermore, the finite orbit width of the passing ions means that the biggest contribution of the ions that cross the q = 1 surface need not necessarily be at the region of the steepest gradient of the hot particle pressure.
B. MAST
The numerical tools outlined in the previous section have also been applied to analyze the sawtooth behavior exhibited in off-axis NBI experiments in MAST, details of which are given in Sec. II. The effect of the toroidal rotation on the stability of the n = 1 internal kink mode is assessed with the MISHKA-F code. 33 We find that the toroidal rotation, which is rather slow in these displaced single null discharges when compared with typical MAST plasmas, stabilizes the internal kink mode, and helps to explain why the sawtooth period in all cases is over twice as long as in Ohmic plasmas. However, the toroidal rotation does not vary significantly as FIG. 14. ͑Color online͒ The change in the potential energy of the n / m =1/ 1 internal kink mode due to the presence of energetic passing ions in ASDEX Upgrade shots 24 005, 24 006, and 24 007 as calculated by the HAGIS code. As the deposition location is moved further outside r 1 , the passing particles become more destabilizing. This is in qualitative agreement with the sawtooth period, also shown for comparison.
the plasma is moved further off-axis as illustrated in Fig. 6 , so this cannot explain the observed change in sawtooth behavior. While subtle variations in the flow profile can lead to substantial changes in the stability of the internal kink mode, in the MAST rotating plasmas reported here, the point of marginal stability due to rotational stabilization is very similar. Further work to assess the sensitivity of the linear mode stability to profile variation will be reported elsewhere. 40 The influence of the energetic particles upon n = 1 internal kink mode stability is again assessed with the drift kinetic HAGIS code. 34 Figure 15 shows the contributions to the change in the potential energy of the kink mode from the trapped and passing energetic particles and the fluid drive for MAST discharges 21 040 ͑Z = −13.5 cm͒, 20 602 ͑Z = −18.2 cm͒, and 21 041 ͑Z = −24.5 cm͒, all of which had a plasma current I p = 750 kA. While the trapped particles are more strongly stabilizing than in ASDEX Upgrade due to the enhanced trapped fraction in a spherical tokamak, the passing fast ions still play a key role in determining the sawtooth behavior. As the plasma is moved downwards, and so the beam deposition moves further outside the q = 1 surface, as illustrated in Fig. 13 , the destabilization arising due to the presence of energetic passing beam ions is enhanced. In the shots illustrated in Fig. 15 the plasma current is sufficiently strong that the majority of the energetic particles are well confined, and hence the passing ion effects become increasingly strong as the gradient of the fast ion pressure at r 1 increases. However, in the plasmas with I p = 600 kA detailed in Fig. 4 , there is a competition between destabilization of the kink mode as the beam ions are shifted further off-axis, and enhanced prompt losses that occur with such off-axis deposition. In the most off-axis plasma with lower plasma current the loss fraction calculated by HAGIS is as high as 32%, explaining why the passing ion destabilization is diminished in this case.
It can also be seen in Fig. 15 that the fluid instability drive varies in these MAST discharges. As the plasma is displaced vertically in order to move the beam deposition further off-axis, the plasma shape changes slightly. In the vertical scan encompassed by the discharges illustrated in Figs. 4 and 5 , the average triangularity varies between 0.30 Ͻ ␦ a Ͻ 0.38 and the elongation is in the range 1.63Ͻ a Ͻ 1.69. The more off-axis plasmas tend to have a lower triangularity and elongation than plasmas near double null configuration, as can be seen in the poloidal cross sections illustrated in Fig. 3 . References 41-43 show that typically smaller elongation and larger triangularity lead to increased internal kink mode stability ͑i.e., a smaller −␦W f ͒. The elongation does not change significantly in these MAST plasmas, so is unlikely to change the MHD instability drive. However, the triangularity at the plasma boundary, ␦ a , changes by up to 20%. While this could be expected to change the mode growth rate significantly, such a change in ␦ a results in a much smaller change in ␦ 1 and 1 , so the change in plasma shape only mildly affects the kink mode stability in these MAST plasmas.
Finally, the injection of off-axis neutral beams produces a significant noninductively driven current. 44 However, while the beam driven current can approach nearly 30% of the inductive current, the change to the current profile is too broad to strongly affect s 1 . The neutral beam driven current in the lower single-null MAST plasmas can be a significant fraction of the inductive plasma current, as shown in Fig. 11 , although the resultant change in the magnetic shear at q =1 is still small, as confirmed by measurements from the MSE diagnostic. Consequently the effect on the sawtooth linear stability according to Eqs. ͑1͒ and ͑2͒ ͑as the s 1 term in the denominator changes͒ is insignificant compared to the change in the mode potential energy due to the presence of the energetic particles.
V. CONCLUSIONS
It has been shown experimentally and numerically that moving the deposition of neutral beam fast ions further outside the q = 1 surface results in an enhanced destabilization of sawtooth oscillations. While the passing ions are destabilizing when injected outside the q = 1 radius, the peak of the deposition of the beam ions must be located sufficiently far outside q = 1 for this destabilization to trigger sawteeth. This effect is not as localized as that from ion cyclotron resonance heating, 16 but the magnitude of the destabilization is not as large either. Counter-propagating waves can be more effective than off-axis N-NBI since they are highly energetic and have strong radial shears in the parallel asymmetries of the distribution function, accentuating the destabilization term arising from the presence of energetic passing ions. Another important consideration for the application of off-axis NBI is the role of the toroidal rotation. When the neutral beams are injected off-axis this results in an enhanced spin up of the plasma, which generally has a stabilizing effect on the internal kink mode, competing with the destabilizing kinetic ef- FIG. 15 . ͑Color online͒ The change in the potential energy of the n / m =1/ 1 internal kink mode due to the presence of energetic passing ions in MAST shots 21 040 ͑Z = −13.5 cm͒, 20 602 ͑Z = −18.2 cm͒, and 21 041 ͑Z = −24.5 cm͒ as calculated by the HAGIS code. As the deposition location is moved further outside r 1 , the passing particles become more destabilizing. The increased trapped fraction results in enhanced trapped ion stabilization which is approximately balanced by increased instability drive due to reduction in elongation and triangularity.
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fects. However, it should be noted that the rotation in ITER plasmas is likely to be small. 24, 25 It has been shown in this work that the passing fast ions arising from off-axis neutral beam injection in ASDEX Upgrade and MAST play a significant role in determining sawtooth behavior. Furthermore, the destabilization from the passing ions has been shown to be sensitive to the location of q = 1 with respect to the peak of the deposition of the fast particles. The passing ions lead to maximum destabilization when the q = 1 surface is well inside the beam deposition location. This means that it is unlikely that off-axis NBI could be realistically utilized as a sawtooth control mechanism since q = 1 must be very core localized and even then, the destabilization from kinetic effects must overcome gyroscopic stabilization resultant from NBI torque.
ACKNOWLEDGMENTS
The authors would like to thank Dr. R. J. Akers for assistance with the MAST data analysis, Dr. M. Wisse for analysis of MAST toroidal rotation data, Dr. C. Michael for assistance with current profile measurements in MAST, and Dr. A. Stäbler for useful discussions regarding tilting the PINI in ASDEX Upgrade. This work was partly funded by the United Kingdom Engineering and Physical Sciences Research Council and by the European Communities under the contract of Association between EURATOM and UKAEA. The views and opinions expressed herein do not necessarily reflect those of the European Commission.
